This paper describes the design and fabrication of flexible radio-frequency inductors integrated on a polyethylene terephthalate substrate. Experimental and modeling results for the RF responses of flexible inductors are reported. Investigations and analysis have been conducted on the effects of layout and process parameters on the frequency responses of inductance, quality factor and self-resonant frequency of the spiral inductors. The influence of bending strain on the performance of spiral inductors is also investigated based on measurement and modeling results. The analysis provides guidelines for designing the flexible spiral inductors towards the flexible monolithic microwave integrated circuits on a plastic substrate.
Introduction
Over the past decade, flexible electronics have received an extensive attention since they offer unique advantages such as light weight, bendability, better mechanical properties, and the capability to be conformal to rugged surfaces [1] [2] [3] . High-speed flexible electronics which operate in gigahertz frequency range have better performance than traditional low speed flexible electronics in terms of power gain and power consumption [4] . Particularly, fast flexible electronics enable many promising applications, e.g. remote distance radio-frequency identification (RFID), high performance biomedical sensors, personal Wi-Fi devices, etc [5] .
Single-crystalline semiconductor nanomembranes are the best material choices for high-speed flexible electronics due to that they can fulfill the requirements of high-speed and flexible applications [6] . Furthermore, high performance active thin-film transistors (TFTs) as well as passive P-intrinsic-N (PIN) diodes have already been realized on plastic substrates based on single-crystalline semiconductor nanomembranes and transfer technique. Currently, the maximum oscillation frequency of flexible TFTs is up to 12 GHz and the operating frequency of flexible PIN diodes exceeds 10 GHz, which have been reported recently [7] [8] .
In order to implement flexible microwave circuits and systems with flexible TFTs and PIN diodes, some other passive components that can be operated at microwave frequency, such as inductors, capacitors and transmission lines, are desired. In particular, monolithic inductors, as well known, are widely used in RF/microwave circuits and systems, namely matching networks, passive filters, low-noise amplifiers and power amplifiers [9-10], etc. Some discrete inductors have already been fabricated on polyimide substrates, but they operate in relatively low frequencies and cannot be monolithically integrated with flexible TFTs and PIN diodes [11] . In addition, other flexible substrate-based approaches, such as design and modeling of high-Q coplanar waveguide (CPW) inductors, low-cost CPW meander inductors utilizing ink-jet printing, and vertically-integrated inkjet-printed high-performance inductors [12] [13] [14] , have been reported.
However, to date, there has been very little investigation into the characterization of spiral inductors on flexible substrates. High quality flexible spiral inductors which operate in high frequency regime are required to achieve low power, low noise in flexible microwave circuits and systems. To study radio frequency characteristics of flexible spiral inductors aiming at the improvement of the performance of spiral inductors is necessary. In our previous work, we have reported the fabrication of a flexible high-frequency inductor on a polyethylene terephthalate (PET) substrate [15] . Furthermore, in this work, we use full-wave electromagnetic (EM) simulator which is more flexible and economic than devices fabrication and measurement to accurately characterize spiral inductors on a plastic substrate. Thorough studies of spiral inductors performances on a plastic substrate have been carried out so as to shed light on the role of a series of layout parameters and process parameters. The systematic analysis provides a comprehensive guideline for designing and optimizing spiral inductors on a plastic substrate and lays a foundation for the establishment of flexible spiral inductors model library.
Experimental Procedure
For the goal of flexible microwave integrated circuits and systems, the low-temperature fabrication process of the spiral inductor on a plastic substrate is fully compatible with that of flexible microwave TFTs and PINs. The fabrication process started with optical photolithography on a 5-mil PET substrate, and a 30-nm/400-nm Ti/Au metal layer was deposited on the PET substrate by electron-beam evaporation to act as the center lead metal of the spiral inductor. Then a layer of SU-8 was spun as the inter-metal isolation layer followed by a photolithography patterning step to open up via holes. Finally, a 30-nm/1.5-μm Ti/Au metal was evaporated to form the spiral inductor. Fig. 1 (a) shows the optical microscope image of the flexible 4.5-turn spiral inductor. And Fig. 1 (b) shows the optical image of the finished flexible spiral inductors on the soft plastic substrate. The cross-sectional view of the octagonal spiral inductor involving double-metal interconnects and an isolate dielectric layer is illustrated in Fig. 2 (a) , which is implemented on a PET substrate (5-mil) . The bottom metal layer (Metal 1) serves as the center lead metal of the spiral inductor, and the top metal layer (Metal 2) is used to form the spiral metal of the inductor. Moreover, the layer of SU-8 is applied to act as smaller dielectric constant (low-k) inter-metal isolation layer.
The design and modeling of spiral inductors on a plastic substrate were obtained by using a three-dimensional (3-D) EM simulator High Frequency Structure Simulator (HFSS) which is based on finite element method (FEM). Fig.  2 (b) shows the two-port octagonal spiral inductor with 4.5-turn on a PET substrate. The 3-D EM model of the octagonal spiral inductor, which is built in HFSS, includes an additional top air box that is required for defining the boundary of the EM enclosure. And around the octagonal spiral inductor there is a ring-shaped ground plane, which is the replacement for background metallization and serves as the current return path [13] . The distance between octagonal spiral inductor and ground ring is fixed at 50 μm, and the width of the ground ring is about 100 μm. The important parameters of designing a spiral inductor on a plastic substrate are layout parameters and process parameters. The layout parameters include number of turns (N), spiral metal line width (W), spiral metal line spacing (S). And the technological parameters consist of substrate type, metal conductivity, thickness of spiral metal line (t), and thickness of inter-metal dielectric. The above layout and process parameters have been investigated by modeling results.
To characterize a spiral inductor, three parameters are usually employed as figure-merits, namely inductance (L), quality (Q) factor, and self-resonant frequency (SRF). The scattering (S) parameters which are calculated by HFSS are firstly converted into Y-parameters. Then L and Q are calculated using the following equations [16] 11 1
where Y11 is the input admittance, f is the operating frequency. From the Q curve, the maximum Q (Qmax) and SRF are easily derived.
Results and Discussions
The performance of spiral inductors are dependent of layout and process parameters. In this section, we investigate and discuss the effects of a series of layout and process parameters on the performance of spiral inductors on a plastic substrate. Furthermore, the ways to improve the performance of spiral inductors on a plastic substrate are also achieved.
Small-signal results and verification of the EM model
The radio frequency characteristics of the fabricated spiral inductor were measured with an Agilent E8364A performance network analyzer using Ground-Signal-Ground (GSG) probes. The reliability of the EM model which is shown in Fig. 2 (b) is validated by comparing the modeling and measurement results of a spiral inductor on a plastic substrate. The related key geometrical parameters are ID = 155 μm, W = 15 μm, S = 4 μm, and N = 4.5. The experiment and modeling results for the 4.5-turn spiral inductor from 45 MHz to 9.045 GHz with respect to small-signal S-parameters, inductance, and Q-factor, are shown in Fig. 3 for comparisons. From the comparison results, good agreements can be seen, which demonstrates good accuracy of the EM model for spiral inductors on the soft plastic substrate. 
Number of turns
The simulated inductance and Q-factor values for inductors with varying numbers of turns on a PET substrate are shown in Fig. 4 . The fixed layout parameters are ID = 130 μm, W = 15 μm, and S = 4 μm. And the process parameters are set based on the previous fabrication process.
From Fig. 4 , it is easily seen that the inductance increases as expected with a greater number of turns while both the maximum value of Q-factor and the SRF decrease. Qmax of the inductors on PET substrate situates between 8.67 and 14.35 with corresponding the constant L values of 8.24 nH and 1.76 nH, respectively. When N increases, the length of the spiral will increase, which causes the total inductance, the overall resistance and the parasitic capacitance to increase. Consequently, Qmax decreases mainly because of the more metal loss and SRF decreases with the increased inductance and parasitic capacitance. All the presented spiral inductors on a plastic substrate have a SRF value situated above 7.45 GHz, which means that these spiral inductors could operate up to that high frequency and meet the flexible TFTs and PINs operation frequency requirement. 
Spiral metal line spacing
The modeling curves in Fig. 5 reveal the effect of spiral metal line spacing on the inductance and Q-factor of the octagonal spiral inductors with other identical layout parameters (ID = 130 μm, W = 15 μm, N = 4.5, etc.) and process parameters on a PET substrate. With S increasing from 2 μm to 6 μm, the inductance has a slight increase, which is due to that the total length of the spiral increases. In addition, the increased total length results in a higher resistance and a larger area. The increase in L values has the tendency to enhance Q-factor even though the series resistance increases. Moreover the lager area causes more but insignificant capacitive coupling between the spirals and substrate, which leads to a slight decrease of SRF value.
Spiral metal line width
The relationship between the performance of the spiral inductors and the metal line width is also investigated. If the inner diameter (ID) stays the same, with the metal line width increasing, the total length of the spiral inductor increases correspondingly, which leads to the increase of the constant L value from 5.17 nH to 5.73 nH, as shown in Fig. 6 . Moreover, at low frequencies the inductor with wider spiral metal line shows better Q-factor than the narrower counterparts on account of less metal resistance. However, this tendency is converse at high frequencies, which is due to that the effect of parasitic capacitance plays a dominant role at high frequencies and the larger occupied area may cause more . Furthermore, the SRF value also decreases from 11.045-GHz to 9.045-GHz with wider metal line due to the increased area. The other case is that the outer diameter (OD) stays the same. Contrary to the above case, the total length of the spiral inductor decreases as the spiral metal line width increases, leading to the decrease of the inductance. The trend of the changes of Q values is also opposite to the case that inner diameter stays the same, as shown in Fig.7 . In addition, if both the inner diameter and the total length of the spiral inductor remains the same, narrower line width also leads to increase inductance of the coil. μm-thick Au octagonal spiral. To find the influence of substrate type on the inductor performance, these spiral inductors are implemented on three different substrates: plastic substrate, high-resistivity Si (HRS) substrate and doped Si substrate, respectively. The structure of the plastic substrate is shown in Fig. 1 (a) . And we use two kinds of 500-μm-thick silicon substrates with low resistivity (ρsub < 5.0 ohm-cm) and high resistivity (ρsub > 1000 ohm-cm), respectively, where the oxide thickness is ~4.5-μm [18] .
Generally, the spiral inductor on a plastic substrate exhibits considerably better performances in terms of Qmax and SRF compared to the one with same layout parameters on Si substrates. From Fig. 8 (a) , it is obvious that using different substrates to simulate spiral inductors has little influence on the values of L at low frequencies. However, the influence on Q-factor values is significant from Fig. 8 (b) . The spiral inductor on a PET substrate achieves a Qmax of 10.41 at 4.245 GHz and a SRF of 10.045 GHz, while the peak-Q of the spiral inductor on HRS is about 9.2 at 3.245 GHz for a corresponding SRF of 7.645 GHz. The spiral inductor on doped silicon substrate exhibits the poorest performance, with a Qmax of 6.05 at 1.445 GHz and a self-resonance of 5.445 GHz. The insulating nature of PET suppresses energy dissipation through the substrate. In addition, the smaller relative permittivity of PET (εr = 3.3) compared to Si (εr = 11.9) decreases the value of parasitic capacitance of the substrate. As a consequence, the self-resonance frequency is shifted toward higher frequency values.
In conclusion, PET substrate appears as the more suitable substrate for fabricating high-performance spiral inductors operating at several gigahertz. In addition, other advantages of PET substrate are represented with low cost and flexible mechanic compared to Si wafers.
Spiral metal line thickness
This part emphasizes the effect of the spiral metal thickness on the performance by comparing a set of inductors on the flexible substrate with identical layout parameters (ID = 130 μm, W = 15 μm, S = 4 μm, and N = 4.5), but with different spiral Au line thickness. Fig. 9 (a) and 9 (b) show the frequency response of simulated L and Q-factor.
The increase of metal thickness decreases the L values, which is essentially due to that a conductor with smaller cross-section area may generate more external magnetic flux [19] . A significant improvement in Q-factor is achieved by increasing the Au thickness from 0.5 μm to 4.0 μm. Whereas, the result of 4 μm reveals that further thickening the spiral metal line diminishes the improvement in Q. Qmax does not proportionally increase with the metal thickness due to the skin effect. Since the current flow is concentrated at the surface of the spiral metal line, metal thicker than skin depth is ineffective to lower the series resistance. At 1 GHz, by calculating, the effective thicknesses of 0.5-μm, 1-μm, 1.5-μm, 2-μm, 4.0-μm Au are 0.45 μm, 0.82 μm, 1.11 μm, 1.35 μm and 1.94 μm respectively.
Metal conductivity
Besides the thickness parameter, another process parameter, metal conductivity, is also changed to study the resultant effect. The conductive loss from metal is one of the main sources to lower the Q-factor. The modeling curves in Fig. 10 (a) and 10 (b) show the effect of metal conductivity on inductance and Q-factor, respectively. The inductance changes slightly with the metal conductivity changing. And the Qmax increases with the conductivity increasing but the SRF is unchanged, which is due to that the effective inductance and parasitic capacitance do not change. Therefore, we can choose high conductivity metal or alloy to fabricate spiral inductors on plastic substrate in order to achieve a high Q-factor.
The influence of bending strain on the performance of spiral inductors
In order to perform the bending characterizations, the flexible spiral inductor is mounted on bending test fixtures with different radii of 77.5 mm, 38.5 mm, 28.5 mm. On the ~175 μm thick plastic substrate, the corresponding bending strains applied on the inductor are calculated to be ~0.11%, ~0.23%, ~0.31%. The experiment results for the flexible spiral inductor with respect to L values and Q-factor under different bending conditions are shown in Fig. 11 . In general, as the bending radius was reduced, the L values at low frequency slightly decrease, while a slight increase of both peak Q and SRF is observed.
To describe the bending effects on the RF characteristics of the spiral inductors and reveals the influential factors to the flexible inductor characteristics under bending conditions, we employ a lumped equivalent circuit model based on the structure and layout of the spiral inductors. The model can sufficiently provide an accurate performance at the device level with fewer model parameters and less computation time. As shown in Fig. 12 , the equivalent circuit model is composed of two parts: 1. the components for the spiral inductor and 2. the parasitics for the plastic substrate. Ls represents the main inductance which is affected by the vertical magnetic flux through the center of the inductor surface and have effect on L values at low frequency. Cs indicates the parasitic capacitance between the adjacent metal segments of the spiral inductor which performs influential effect on SRF. Rs represents the spiral coil's series metal resistance. Lsk and Rsk are introduced to represent the spiral coil's skin effect and the proximity effect at high frequency. The model is put into Agilent Advanced Design System to calculate the RF/microwave response of the spiral inductors with various bending strains. Fig.  13 shows the simulated and measured results of the small-signal S-parameters, inductance value and Q-factor with flat and 0.23% bending strain conditions, as representative examples. The model can achieve good agreement with the experimental results of the inductors with different bending radius.
According to the modeling, Ls, Cs are the influential factors for the bending conditions as summarized in Table I . The changes of the parameters can be explained with consideration of the structures of the flexible spiral inductor. The magnetic field. The decrease of the Cs values are mainly induced by the fact that the space between the adjacent metal segments of the spiral inductor becomes slight larger with the tensile strain due to the bending strain. While other model parameters have only a negligible change under bending conditions. According to the Table I , with the bending strain increasing, only a slight performance changes are observed for the flexible inductor. The results show good performance robustness for the flexible inductors under mechanical bending conditions.
Conclusions
We have designed and fabricated flexible spiral inductors on a plastic substrate. The experimental results and modeling analysis of spiral inductors on a plastic substrate have been demonstrated. Both layout parameters and process parameters are varied to study the impact on spiral inductor characterization on a flexible substrate. Conclusion can be drawn from the modeling results that it is necessary and effective to increase the thickness of metal lines as well as metal line conductivity, etc., to achieve higher Q-factor. In addition, some parameters, such as the spiral metal line width, has a significant effect on the SRF values of the spiral inductors on a plastic substrate. The influence of bending strain on the performance of spiral inductors is also investigated based on measurement and modeling results which show the influential factors to RF characteristics with bending strains. The overall analysis provides guidelines for properly designing and optimizing radio-frequency spiral inductors towards flexible monolithic microwave integrated circuits and systems.
